Constitutively active, 'oncogenic' H-RAS can drive proliferation and transformation in human cancer, or be a potent inducer of cellular senescence. Moreover, aberrant activation of the Ras pathway owing to germline mutations can cause severe developmental disorders. In this study we have generated transgenic zebrafish that constitutively express low levels, or can be induced to express high levels, of oncogenic H-RAS. We observed that fish carrying the integrated transgene in their germline display several hallmarks of Costello syndrome, a rare genetic disease caused by activating mutations in the gene H-RAS, and can be used as a model for the disease. In Costello-like fish, low levels of oncogenic H-RAS expression are associated with both reduced proliferation and an increase in senescence markers in adult progenitor cell compartments in the brain and heart, together with activated DNA damage responses. Overexpression of H-RAS through a heat-shock-inducible promoter in larvae led to hyperproliferation, activation of the DNA damage response and tp53-dependent cell cycle arrest. Thus, oncogene-induced senescence of adult proliferating cells contributes to the development of Costello syndrome and provides an alternative pathway to transformation in the presence of widespread constitutively active H-RAS expression.
INTRODUCTION
Ras proteins are small GTPases which are essential components of cellular signaling pathways, which are responsible for growth, migration, adhesion, cytoskeletal integrity, survival and differentiation. They have been intensely studied in the last 30 years for their involvement in cancer; indeed, defects in Ras signaling may result in malignant transformation (Downward, 1996; Malumbres and Barbacid, 2003) . It is estimated that approximately 30% of all human tumors have activating mutations in one of the RAS genes. In fact, somatic mutations, which lock Ras in an active GTP-bound conformation resulting in constitutive activation of the downstream pathways, are frequent in cancer -they are catalogued by the Cancer Genome Project in the Catalogue Of Somatic Mutations In Cancer (COSMIC) (www.sanger.ac.uk/genetics/ CGP/Census/).
Moreover, the discovery of germline mutations in neurofibromin 1 (NF1) and protein tyrosine phosphatase, non-receptor type 11 (PTPN11) genes provided the first indication that aberrant Ras signaling might underlie a group of human developmental disorders, collectively known as cardio-facio-cutaneous syndromes (reviewed by Cichowski and Jacks, 2001; Tartaglia and Gelb, 2005) . All of these disorders share similar phenotypic traits. Among them, it has emerged that Costello syndrome is caused by 'de novo' germline mutations in the H-RAS gene (Aoki et al., 2005) . Patients with Costello syndrome have multiple congenital disorders, which, all together, are diagnostic for the disease, including a characteristic craniofacial dysmorphology, cardiac defects, mild mental retardation, and high birth weight followed by a failure to thrive and developmental delays (Costello, 1977) (reviewed by Rauen, 2007) . These patients also have a tendency to develop multiple papillomas and various types of cancer, mainly rhabdomyosarcomas, neuroblastomas and bladder carcinomas (Gripp et al., 2006) .
It is still unclear how the expression of activated H-RAS can induce oncogenic transformation and unrestricted growth as a consequence of somatic mutations in cancer, and induce developmental abnormalities affecting specific tissues in Costello patients who have inherited the same mutations through germline transmission. Perhaps, by understanding how activation of the Ras pathway is kept under control in Costello patients, we might be able to devise ways of controlling it in cancer. In contrast to the oncogenic activity of mutant H-RAS, the mutant protein can also induce a potent antiproliferative response, i.e. cellular senescence (Serrano et al., 1997) . Cellular senescence is characterized by an irreversible proliferation block, which is accompanied by the expression of specific markers such as the upregulation of senescence-associated β-galactosidase (SA-βgal) activity (reviewed by Dimri and Campisi, 1994) .
Oncogene-induced senescence (OIS) has been demonstrated in cells that overexpress H-RAS (Serrano et al., 1997) and in several benign tumors (Collado et al., 2005) . It is believed to represent a protective mechanism against proliferation and transformation, and to be activated by H-RAS (Sun et al., 2007) . In mouse models of breast and lung cancer, in which expression of the H-Ras or K-Ras oncogene is inducible (Sarkisian et al., 2007) , the occurrence of OIS was found to be related to the level and duration of oncogenic Ras expression. In this system, low levels of K-Ras expression stimulate 
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proliferation whereas high levels trigger an irreversible growth arrest (Sarkisian et al., 2007) . We investigated the effects of oncogenic H-RAS expression in zebrafish. Using germline integration, we generated zebrafish lines containing a mutated form of H-RAS, carrying the activating mutation G12V, that can be expressed in an inducible or constitutive manner, and found that these fish display several developmental defects that are hallmarks of the Costello syndrome. We then used these fish to gain insights into the mechanisms by which oncogenic H-RAS expression leads to the Costello phenotype, and found that it induces a DNA damage response (DDR) and initiates a senescence program in subpopulations of adult proliferating cells in the heart and brain. The occurrence of OIS in a zebrafish model of Costello syndrome suggests that OIS contributes to the severe developmental defects, and to the degenerative/premature aging phenotype, present in human patients.
RESULTS

Generation of zebrafish expressing oncogenic H-RASV12
It has been documented that oncogenic Ras proteins can perform different functions according to the cellular context. We asked what the effect of oncogenic Ras expression would be, in vivo, during the development of different organs and tissues. In fish, as well as in humans, three genes have been identified: h-ras, n-ras and kras (Rotchell et al., 2001) . We decided to use the human H-RAS gene and in particular a constitutively active form carrying a mutation, in which a GGC codon is substituted with a GTC codon (G12V, or in short V12), because its roles in transformation and cellular senescence are well documented (Kraus et al., 1984; Barbacid, 1990; Downward, 1996; Di Micco et al., 2006) .
In order to generate fish lines that express H-RASV12 in different organs and tissues, we took advantage of the Tol2 gene trap system developed by Kawakami (Kawakami et al., 2000) . We generated a chimeric H-RASV12 protein that was tagged with green fluorescent protein (GFP) at the N-terminus (Fig. 1A ) in order to track developing tumors. We verified that the GFP tag did not affect the function of H-RASV12 in vitro and in vivo. We transfected NIH3T3 cells with the chimeric construct, or with an empty pEGFP vector as a control, and performed a focus formation assay. We confirmed that, both in vitro and in vivo, the oncogenic activity of H-RASV12 was not affected by the presence of the GFP tag (supplementary material Fig. S1A ). Subsequently, we cloned the GFP-H-RASV12 chimeric construct into a modified version of the T2KSAG plasmid (Kawakami et al., 2000) . We injected fertilized eggs with this plasmid (see Methods) and found that approximately 20% of the injected fish developed some type of neoplasia (mainly nevi, The nuclei are stained with Topro (red). Bar, 10 μm. (E) Southern blot analysis using genomic DNA extracted from 1-month-old wild-type (WT) zebrafish. Analysis of heterozygous (+/-) P1 fish DNA reveals that a single insertion occurred in the line. RV (EcoRV) and KpnI are restriction enzymes. We used the T2KSAG:GFP-H-RASV12 plasmid as a control.
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melanomas and lymphomas) (Fig. 1B) , probably owing to somatic integration and expression of the GFP-H-RASV12 transgene, as demonstrated by the expression of GFP in the tumors (Fig. 1B) .
When fish reached adulthood we screened for germline integrations. We screened 142 genomes, by analyzing the progeny for GFP expression under a fluorescent stereomicroscope and by PCR (supplementary material Fig. S1B ), and found that 22% (n=32/142) of the injected fish had integrated the transgene into their germline, but only 6.4% (n=2/32) of germline integrations gave rise to GFP-H-RASV12-positive progeny. The two different transgenic lines, full names: Gt io1 and Gt io2 , were called P1 and P2, respectively. We analyzed the expression pattern of the fusion protein both in the embryos and in the juvenile fish from the two lines. Both P1 and P2 embryos display ubiquitous expression of the fusion protein ( Fig.  1C ; and data not shown), mainly confined to the cell membrane and Golgi apparatus, as visualized in fibroblast cultures derived from fluorescent embryos at 24 hours postfertilization (hpf ) (Fig.  1D ). As multiple insertions could have occurred, we evaluated the integration number in the P1 and P2 lines. Southern blot analysis showed that P1 and P2 carry single germline insertions at different genomic locations ( Fig. 1E ; supplementary material Fig. S1C ).
Characterization of a zebrafish model of Costello syndrome
Hemizygous fish from the two lines were healthy and fertile. In the progeny of hemizygous crosses, approximately 25% of the fish showed an abnormal morphology that was visible by 5 weeks of age. The morphological phenotype includes: shorter body length, flattened head with increased interocular distance ( Fig. 2A ; Table  1 ), small heart ( Fig. 2B ) and scoliotic spine ( Fig. 2A,E ). Other visible phenotypes include an enlarged gill area (Fig. 2C) and swimming near the water surface, both of which are indicative of reduced blood oxygenation, and sterility. These features are indicative of the Costello phenotype and we refer to these abnormal fish as Costello-like fish (CS-like). Consistent with the human disease, we observed that the phenotype worsened with increasing age.
We performed an analysis of the craniofacial and spinal abnormalities of CS-like fish at 5-6 weeks of age using cartilage and bone staining. The analysis of several bones and cartilages at this stage showed extensive alterations in ossification, with precocious ossification in almost all examined bones including both endochondral and intramembranous bones [for classification, see Elizondo et al. (Elizondo et al., 2005) ]. Examples of the ossification state of the skull and Weberian complex in CS-like fish and normal siblings are shown in Fig. 2D . In the spine, we observed a progressive compression/disappearance of some intervertebral cartilagineous discs, leading to fusion of vertebrae and severe scoliosis between 5 and 12 weeks of age (Fig. 2E) .
Since Costello patients are prone to developing tumors, we analyzed the predisposition of the CS-like fish to tumor formation. In older fish (5-12 months of age), we noticed a higher frequency of tumor formation (n=12/200 P1 fish -corresponding to 1 in 16) compared with wild-type populations (1 in 500) and that tumors developed at an earlier stage than in wild-type fish (5 months vs >2 years). Half of the tumors (n=6/12) were lymphatic infiltrations of the gut, liver or interstitial tissue; however, two transgenic fish developed metastatic melanomas, one had gut carcinomas, two had hepatocarcinoma and one developed rhabdomyosarcoma ( Fig. 2F-H) .
To show that the phenotype observed in CS-like fish was not the result of disruption of a gene at the insertion site, we mapped the insertion site in the P1 line using inverse PCR (Detrich, 2004) . The location of the insertion was in a gene-free region in chromosome 15 (supplementary material Fig. S1D ) (see Methods). Moreover, semiquantitative Southern blot analysis of genomic DNA copy number (Gabellini et al., 2006) showed that, in the CS-like fish genome, two copies of the transgene are present (supplementary material Fig. S1E ). In addition, the same CS-like phenotype was also observed in the other gene trap line (P2), which, as shown in the supplementary material Fig. S1C , has a different insertion site.
There is a high frequency of heart defects in Costello patients; therefore, we investigated the occurrence of signs indicating a heart malformation in CS-like fish. We found that the mutants' hearts were smaller ( Fig. 2B ) and had thicker walls (supplementary material Fig. S2D ) compared with their normal siblings. Next, we investigated heart morphogenesis at 16 hpf in groups of fish from hemizygous intercrosses using a heart-specific probe, tbx20 (Szeto et al., 2002) . We observed a delay in heart morphogenesis in approximately 25% of the embryos, as shown by a large and flat tbx20-positive heart disc that was centrally located as opposed to the majority of embryos which, at the same stage, had a leftoriented tbx20-positive heart tube (supplementary material Fig.  S2A ). Defects in heart morphogenesis were also visible at 32 hpf, with a significant reduction in the tbx20 expression area (supplementary material Fig. S2B ,C). The defects in heart morphogenesis led to myocardial hypertrophy and defective functions including reduced oxygenation of peripheral tissues, which was seen at later stages. In conclusion, we propose that a delay in heart morphogenesis is an early sign of a CS-like phenotype.
Activation of RAS downstream pathways does not occur in CS-like fish
The G12V mutation of the H-RAS gene is known to lead to RAF1 activation and to increased ERK and AKT phosphorylation (Barbacid, 1990) . Thus, we investigated the state of these pathways in CS-like fish and compared the results with the amount of H-RASV12 present in the tissue.
We found that the level of GFP-H-RASV12 expression was slightly higher (approximately 1.4 times) than the level of endogenous Ras expression (Fig. 3A) . We then evaluated the presence of RAS in its active form (RAS-GTP) by testing its ability to bind to Raf1. Using an immunoprecipitation protocol that uses protein extracts from pools of 4-day-old fluorescent P1 larvae (including both heterozygous and homozygous transgenic larvae) ( Fig. 3B) , we detected the presence of active GTP-bound GFP-H-RASV12. In addition, we detected active GFP-H-RASV12 in protein extracts prepared from the brains of 3-month-old CS-like fish (Fig. 3C ). Next, we investigated the presence of phosphorylated forms of ERK1/2 and Akt -the latter results from activation of the Mek and PI3 kinase pathways by active RAS. Despite the presence of active GTP-bound H-RASV12, overt phosphorylation of ERK1/2 or Akt was not be detected in the samples (Fig. 3B,C) . Therefore, DDR in a zebrafish Costello model
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active H-RASV12, present in CS-like fish, is unable to sustain ERK1/2 or Akt phosphorylation, although it is possible that a local or temporary activation of these downstream pathways could have occurred in transgenic larvae or juveniles and escaped our analysis.
Cellular senescence and persistent activation of DDR markers in CS-like fish
It has been reported that cells respond to oncogenic H-RAS activation by engaging in a senescence program (Bartkova et al., 2006; Di Micco et al., 2006) , which protects them from proliferating in the presence of oncogene-induced DNA damage. We asked whether constitutive expression of the H-RAS oncogene activates a senescence program in CS-like fish. Thus, we analyzed the proliferative state and the presence of SA-βgal activity in several organs from wild-type and CS-like fish at 4-5 weeks and at 2-3 months of age. Cell proliferation takes place in certain tissues and in progenitor niches throughout the body of adult zebrafish (Poss et al., 2002; Adolf et al., 2006; Grandel et al., 2006) , which are well known for their ability to regenerate several tissues, including brain, heart and fin (Kaul et al., 2007; Becker et al., 2005; Koster and Fraser, 2006) . We analyzed two areas in the brain that are renowned for being sites of adult neurogenesis and neural progenitor proliferation, namely the preoptic/precommissural area of the ventral telencephalon and the valvula cerebelli. In addition, we examined the whole ventricular region in the heart. We found that, at both ages, bromodeoxyuridine (BrdU)-positive (BrdU+) cells in the brain and heart of adult CS-like fish were reduced to approximately half of the original population ( Fig. 4A ; Fig. 5A ,B; supplementary material Fig. S3A ). In contrast, we noticed that there was little or no change in BrdU uptake in the skin, gills ( Fig. 4B) and gut, and an increase in BrdU+ cells in the liver and kidney ( Fig. 4E ; supplementary material Fig. S3B ). The increase in cell proliferation in the kidney and liver of CS-like fish leads to a net expansion in organ size. We also detected an increased number of SA-βgal-positive cells in the brain, heart, liver and bone of CS-like fish ( Fig. 4C,D ; supplementary material Fig. S3C-G) .
The occurrence of OIS in CS-like fish suggests that it might be the result of persistent DNA damage caused by prolonged exposure 
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to oncogenic H-RAS. We investigated the presence of markers of an activated DDR in CS-like fish; as positive controls, we used wildtype fish of the same age that had been exposed to X-rays. Canonical DDR markers include activation of the upstream ataxia telangiectasia mutated (Atm) kinase which autophosphorylates in response to damage, several substrates of pAtm, which can be detected collectively with a phosphorylated S/TQ antibody (pS/TQ), and the phosphorylated histone variant H2AX known as γH2AX (Campisi and d'Adda di Fagagna, 2007) . Massive upregulation of γH2AX, phosphorylated Atm (pAtm) and pS/TQ were detected through western blot analysis (data not shown) and immunohistochemistry, with fluorescent detection in tissue sections of irradiated fish (supplementary material Fig. S4E ). These results demonstrate that these DDR activation markers can be reliably used in vivo in adult zebrafish. In CS-like fish, but not in wild-type controls, distinct nuclear foci containing γH2AX and pAtm were detected in various tissues ( Fig. 5 ; supplementary material Fig. S4D-F,I ). Strikingly, we noticed that the nuclei that stained for γH2AX and pAtm in the brain and heart of CS-like fish are localized in specific regions ( Fig. 5A-C ; supplementary material Fig. S4F,I ) and throughout the heart ventricle ( Fig. 5H ), corresponding to areas enriched with adult proliferating cells (Adolf et al., 2006; Grandel et al., 2006; Poss, 2007) . There was a clear inverse correlation between the decrease in BrdU+ cells and the increase of SA-βgal and DDR markers in the brain and heart of CS-like fish (Table 2 ; Fig. 5A -C; supplementary material Fig. S4G-I ). These results suggest that constitutive expression of oncogenic H-RAS in a developing vertebrate organism leads to DNA damage in subpopulations of adult progenitor cells in different organs. OIS and apoptosis are dependent on tp53 activation (Schmitt et al., 2002; Sarkisian et al., 2007) , which mediates many of the cell defenses in response to oncogenic stress. We investigated whether CS-like fish exhibited activation of tp53 through tp53 target gene expression. We found an increase in the expression of the tp53 target gene cdkn1a/p21 in RNA extracted from whole CS-like fish and from specific tissues (supplementary material Fig. S5A ), and tissue sections processed for in situ hybridization, from CS-like fish (supplementary material Fig. S5B -E).
Overexpression of GFP-H-RASV12 in an inducible transgenic line leads to tp53-dependent OIS and DNA damage in vivo
As in humans, the CS-like phenotype develops over time and we can distinguish affected fish at just 5-6 weeks of age. In order to elucidate the development of the Costello phenotype, we generated an inducible H-RASV12 transgenic line Tg(hsp70I: io3 (see Methods) (supplementary material Fig. S6 ), in which we can overexpress GFP-H-RASV12. This inducible line helped us to address the question of how constitutive expression of oncogenic H-RASV12 in CS-like fish leads to the development of DDR and OIS. 
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In this transgenic line, higher levels of oncogenic H-RASV12 expression were obtained through the exposure of developing embryos, larvae and adults to 39°C for 30 minutes ( Fig. 6 ; supplementary material Fig. S6B ). We asked whether transgenic larvae from this line developed traits of the CS-like phenotype and, if so, during what stage of development. We induced the expression of the chimeric protein in embryos at 24 hpf and analyzed the phenotype over time. We observed that larvae display an abnormal phenotype at 4-6 days postfertilization (dpf), characterized by heart edema ( Fig. 6A ) and craniofacial abnormalities (Fig. 6B ). This embryonic phenotype mimics the CS-like phenotype observed in homozygous juveniles of the P1 line at 4-5 weeks of age, but is rather common in manipulated zebrafish embryos. To ensure that it was the result of H-RASV12 overexpression, we analyzed the activation of Ras downstream targets and observed a strong and prompt phosphorylation of ERK1/2 and Akt, and an increase in the amount of active GTP-bound GFP-H-RASV12 at 2 and 6 hours following heat shock (Fig. 6C) .
We asked whether the overexpression of H-RASV12 induced hyperproliferation, apoptosis or cellular senescence. BrdU incorporation in embryos subjected to heat activation at 24 hpf showed an increase in the number of proliferating cells up to 3 dpf (Fig. 7A) . However, by 5 dpf the number of BrdU+ cells dropped to less than half of that observed in controls (Fig. 7A,B ). We also checked whether H-RASV12 expression induced apoptosis and at 5 dpf we observed an increase in the number of TUNEL-positive cells (Fig. 7C) . Together with the proliferation block and the increase in apoptosis, we detected an increase in the number of γH2AX-and pAtm-positive nuclei in sections from 5 dpf heatshocked transgenic larvae (hs-fluo) (Fig. 7D) , as well as in fibroblast cultures derived from these embryos (Fig. 7E) . Next, we asked whether high levels of GFP-H-RASV12 could have any impact on genome stability and found that aneuploidy in mitotic spreads from hs-fluo embryos at 32 hpf ( Fig. 7F; supplementary material Fig. S7A ) was similar to that observed in irradiated embryos (supplementary material Fig. S7A ). This suggests that cells which overexpress GFP-H-RASV12 in zebrafish transgenic lines are subjected to replicative stress that leads to genome instability.
Finally, we analyzed the contribution of tp53 to the DDR and the proliferation block that occur in larvae overexpressing GFP-H-RASV12. Using a tp53 morpholino (mo) (Langheinrich et al., 2002) , we were able to prevent the proliferation block, which occurred 4 days after induction of oncogene expression (Fig. 8A,B) . In contrast, development of the heart and cranial cartilage defects was not prevented by tp53 mo injection (data not shown) suggesting that tp53 is not involved in the early response to H-RASV12 expression, but rather it controls the response to DNA damage that occurs after prolonged oncogene expression and, therefore, promotes cellular senescence. In support of this hypothesis, hs-fluo embryos injected with tp53 mo show increased γH2AX and pAtm nuclear staining (Fig. 8C) . Moreover, as expected, the absence of tp53 completely prevented both upregulation of cdkn1a/p21, mdm2 and bax expression, and the decrease in ccnd1 expression, which are seen 4 days after heat shock in the transgenic larvae (supplementary material Fig. S7B ). Interestingly, embryos that express an activated H-RAS oncogene in the absence of tp53 developed overgrowths of the central nervous system that are composed of proliferating BrdUand phosphoH3-positive cells (Fig. 8D) .
DISCUSSION
Despite the fact that Ras proteins have been studied for years, it is clear that a complete understanding of their function is still 
RESEARCH ARTICLE
missing. The observation that oncogenic H-RAS can lead to two rather different cell behaviors, i.e. transformation and senescence, is particularly puzzling. Moreover, owing to germline activating mutations, the same oncogenic H-RAS also leads to developmental disorders when constitutively expressed. In order to dissect the role of oncogenic H-RAS in vivo, we generated transgenic zebrafish lines expressing different levels of the oncogene. Our study shows that:
(1) fish expressing oncogenic H-RAS in their germline display traits of Costello syndrome; (2) low but prolonged exposure of a developing vertebrate organism to the H-RAS oncogene causes a DDR followed by senescence (OIS) in adult proliferating cells of target organs (heart and brain); (3) the process can be recapitulated in embryos using a GFP-H-RASV12-inducible line, where OIS depends on the ability of tp53 to block H-RASV12 hyperproliferation.
Zebrafish as a model for Costello syndrome
During the generation of fish lines that express oncogenic H-RAS in different organs or tissues, we identified fish that expressed GFP-H-RASV12 ubiquitously. We observed that these fish displayed hallmarks of the Costello syndrome, which is a rare, congenital, multiple abnormality syndrome associated with a failure to thrive and with developmental delays. The syndrome is caused by de novo germline activating mutations in the H-RAS gene (Aoki et al., 2005) . Moreover, the appearance of this phenotype in fish carrying two copies of both the transgene and the endogenous h-ras gene is consistent with the genetic situation in affected humans, where the presence of the mutated H-RAS gene is balanced by the presence of a wild-type allele (Aoki et al., 2005) . Recently, a mouse model of Costello syndrome was reported (Schuhmacher et al., 2008) ; in this model, the endogenous H-Ras allele was replaced by a mutant allele carrying the G12V mutation. The phenotype of the mouse Costello model resembles the human disorder, but with two important differences. First, an increase in tumor formation was not observed in the mouse model, which, unlike human patients, developed angiotensin II-dependent systemic blood hypertension (Schuhmacher et al., 2008) . In the zebrafish model, we found a remarkable increase in tumor incidence, with tumor types similar to those reported to occur in human Costello patients. Surprisingly, in mouse and zebrafish models, phosphorylation of ERK or Akt, two of the most commonly activated Ras downstream targets, was not observed. We cannot exclude the possibility that ERK or Akt activation could have occurred at certain times or in restricted places in the transgenic fish and escaped our analysis; however, it is clear that if such activation occurs, it is not maintained. What is surprising is that in both studies we were able to detect GTPbound GFP-H-RASV12 which did not lead to phosphorylation of ERK1/2 or Akt. The presence of active H-RAS suggests that other Ras downstream pathways should be investigated, because these might be responsible for the OIS phenotype detected in our fish. We also observed an increase in cdkn1a/p21 expression in different organs and tissues in the CS-like fish. This strongly correlates with the fact that OIS requires cdkn1a/p21 to arrest cell cycle progression; in fact, human fibroblasts lacking CDKN1A/p21 fail to arrest in response to DNA damage (Brown, 1997) . The predominant view on the pathogenesis of Costello syndrome was that activation of the ERK and/or AKT pathways owing to H-RAS mutations could be the main molecular driver(s) of the disease phenotype, a concept reinforced by the study of mutant H-RAS activity in vitro (Aoki et al., 2005; Rauen, 2007; Zampino et al., 2007) . In this study, we propose a zebrafish model for this syndrome and show that, like in the mouse model (Schuhmacher et al., 2008) , sustained ERK and/or Akt phosphorylation are unlikely to be solely responsible for the abnormalities observed in Costello patients.
DNA damage and senescence may be responsible for the agerelated worsening of the Costello phenotype It has already been documented that high levels of oncogenic RAS can cause hyperproliferation and increased DNA damage, followed by cellular senescence (Di Micco et al., 2006) . We propose that very similar outcomes can be obtained with low but prolonged exposure to H-RASV12. In fact, the relatively low and ubiquitous expression 
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of oncogenic RAS leads to a DDR in cells that continue to proliferate throughout adult stages. The cells that are more affected belong to pools of adult progenitors in the brain and heart, where oncogenic H-RAS expression paralyzes cellular functions leading to OIS in response to DDR. The reason why some organs, although engaged in a hyperproliferative response to H-RASV12, do not undergo senescence even in the presence of elevated DNA damage (i.e. kidney and liver) is not known. Perhaps the increase in organ size that we detected in the liver and kidney of CS-like fish reflects defective tp53 activation, which would allow proliferation to continue even in the presence of massive DDR, or the specific functions of these organs. The zebrafish kidney serves as the primary site for adult hematopoiesis (de Jong and Zon, 2005) , which may be increased in response to oncogenic H-RAS; whereas, in the liver, hepatocytes may be involved in metabolic responses to H-RASV12 expression, including detox functions to deal with the increase in reactive oxygen species that is often reported in response to oncogenic RAS. So, our model shows that the CS-like phenotype is the result of a low and prolonged expression of oncogenic H-RAS, which uncovers a specific weakness of adult progenitor cells. Interestingly, a similar abnormal phenotype was also observed in the inducible line where higher H-RASV12 expression leads to activation of ERK/Akt signaling and to a robust DDR in a shorter time. Usually these larvae do not survive for more than 5-6 days following heat shock, and this prevented us from using them to study the appearance of cellular senescence following DDR activation. However, a different protocol for H-RASV12 induction, involving multiple, short heat shocks in juveniles/adults, leads to a dose-dependent DDR with senescence of adult progenitor cells, similar to what we observe in CS-like fish, and a little heart and bone phenotype (data not shown). Thus, we propose that the Costello syndrome phenotype might result from two different concerted and linked actions of oncogenic H-RAS: activation of tissue-specific pathways and OIS in progenitor/stem cells. We suggest that the age-related worsening of the CS-like phenotype might be the result of OIS affecting progenitors pools. When these cells undergo senescence they can no longer repair damaged or apoptotic tissues, generate specialized cells, or maintain the normal turnover in regenerating organs. As a consequence, tissues and organs carrying senescent progenitor cells undergo irreparable damage under normal conditions of stress and become dysfunctional earlier.
We predict that the tumor suppressor tp53 orchestrates the oncogene-induced DDR and cell cycle arrest, but not the tissuespecific responses to H-RAS activation. Our results show that the hyperproliferation observed in the inducible line is not the result of tp53 activation. Interestingly, we observed that in the absence of tp53, the induction of oncogenic H-RAS causes overgrowths in the CNS. Besides the frequent appearance of glioblastomas in human Costello patients (Gripp et al., 2006) , it has recently been shown that when activating H-RAS mutations and p53 inactivation 
occur simultaneously, they promote the generation of brain cancer stem-like cells in vitro (Lee et al., 2008) .
In summary, exhaustion of the replication abilities of adult progenitor cells, owing to oncogene-induced DNA damage and senescence, might lead to the age-related worsening of the Costello phenotype.
METHODS
Raising fish and generation of the transgenic fish lines
Zebrafish were maintained and crossed according to standard methods (Westerfield, 2000) . For the generation of the gene trap lines, we used a modified version of the T2KSAG plasmid designed by Kawakami (Kawakami et al., 2000) , in which the GFP is replaced by the fusion protein eGFP-H-RASG12V (indicated as GFP-H-RASV12) using the restriction enzymes BamHI and BglII. Fertilized eggs were injected with 2 nl of a mixture containing 25 ng/μl of the circular plasmid T2KSAG:GFP-H-RASV12 and 25 ng/μl of T2 transposase mRNA. Injected embryos were raised to adulthood and crossed with either wild-type fish or fish injected with the same construct. F1 embryos were observed under a fluorescent dissecting microscope from day 1 to 5 after fertilization. For generation of the inducible line, the same GFP-H-RASG12V construct was cloned in a Tol2 vector containing the Hsp70 promoter.
NIH3T3 cell transfection and focus formation assay NIH3T3 cells were transfected with the pEGFP-C2 vector that carries a neo selective marker (Clontech) containing the full-length active H-RASV12 sequence or the empty pEGFP-C2 vector as an internal control. The transfection was carried out by the calcium phosphate coprecipitation method, as described previously (Cox and Der, 1994) , followed by drug selection with G418 at 0.8 mg/ml. The focus formation assay was performed as described previously (Kraus et al., 1984) . Culture plates containing foci or colonies were fixed with ice-cold methanol and stained with Crystal Violet then scanned on a flatbed scanner and quantified using ImageJ.
The two constructs generated comparable numbers of G418-resistant colonies; therefore, differences in focus-forming ability are not the result of differences in transfection efficiency between the constructs.
Screening for GFP-RAS insertions
For PCR analysis of F1 embryos, sixty embryos at 24 hpf were pooled and used for DNA genomic extraction. Embryos were digested in 300 μl of a solution containing 10 mM Tris, 2 mM EDTA, pH 8, 0.2% Triton and 200 μg/ml proteinase K, incubated overnight at 50°C and heated for 5 minutes at 95°C. DNA was subsequently purified by phenol-chloroform extraction and precipitation with ethanol. The first round of PCR used 300 ng of DNA for each template and the following primers: eGFP-RAS F (5Ј-AGCTGACCCTGAAGTTCATCT-3Ј) and eGFP-RAS R (5Ј-GTACTGGTGGATGTCCTCAAAAG-3Ј). Twenty cycles of PCR were carried out as follows: 96°C for 30 seconds, 55°C for 30 seconds, 72°C for 1 minute. 0.5 μl of DNA from the first PCR was used as a template for the second round, which used the primers eGFP-F2 (5Ј-CACATGAAGCAGCACGACTT-3Ј) and 
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eGFP-R3 (5Ј-ATCAATGACCACCTGCTTCC-3Ј). Twenty-eight cycles of PCR were carried out as follows: 96°C for 30 seconds, 55°C for 30 seconds, 72°C for 50 seconds. A DNA band of 725 nucleotides was present when the construct was inserted into the genome.
Southern blot analysis
Genomic DNA was prepared according to Westerfield (Westerfield, 2000) . About 7 μg of DNA per fish was digested with EcoRV, KpnI or a combination of the two enzymes. Following electrophoresis with 1% TAE-agarose gel, the DNA was transferred to a Hybond N+ membrane (Amersham) and hybridized with a probe designed upon the GFP-HRAS sequence. The GFP-RAS probe was prepared for use in a PCR using the following primers: forward (5Ј-CCACTACCTGAGCACCCAGT-3Ј) and reverse (5Ј-GTCTCC CCATCAATGACCAC-3Ј). We used 10 ng of pT2SAG:GFP-HRAS plasmid as a template. The 337-nucleotide PCR product was gel purified and labeled with 32 PdCTP (Amersham) using the Rediprime II random primer labeling kit (GE healthcare, Amersham).
RT-PCR analysis
RNA was purified using the Trizol extraction protocol. After purification, RNA was digested with DNase I according to the RNeasy kit (Qiagen). 2 μg of RNA was used, in combination with oligo(dT) primers, for reverse transcription with Superscript III (Invitrogen). We used 2 μl of cDNA for each PCR reaction; the oligonucleotides used are described by Ghiselli (Ghiselli, 2006) . β-actin oligonucleotides are as follows: forward (5Ј-ACC TCA TGA AGA TCC TGA CC-3Ј) and reverse (5Ј-TGC TAA TCC ACA TCT GCT GG-3Ј).
Inverse PCR strategy
The full T2KSAG:GFP-H-RASV12 plasmid was found integrated into the zebrafish germline. We identified the break point in the plasmid, which occurred between nucleotides 6850 and 7221, and used a modified version of Kawakami's protocol (Kawakami et al., 2000) in which genomic DNA was digested with XmaI and the selfligation reaction was used directly as a PCR template. We used the following primers: I-NR2 (5Ј-CTG TGT TCC GAA GAT GAA CGG AGG TGT-3Ј), I-NR3 (5Ј-CCT CTA CAA ATG TGG TAT GGC TGA TTA-3Ј), I-F1 (5Ј-CCC GTG GAC CTA ACG TTA CCA ATT ACA-3Ј) and I-NF2 (5Ј-GCG GGA GAC AGA GGA CAC ATT TCA TCT-3Ј).
Detection of apoptotic cells
Apoptotic cells in 5 dpf embryos were detected using an ApopTag Red in situ apoptosis detection kit (S7165, Chemicon), which is based on a terminal transferase dUTP nick-end labeling (TUNEL) assay. Samples were mounted in Vectashield (Vector Laboratories) with DAPI.
In situ hybridization
In situ hybridization on whole-mounts and cryostat sections was performed as described previously (Costagli et al., 2002) .
Zebrafish primary cell cultures
Zebrafish cell cultures from transgenic embryos of Gt io1 and Tg(hsp70I:GFP-H-RASV12) io3 lines were generated and maintained as described previously (Vallone et al., 2007) .
Fish ionizing radiation treatment
Adult fish were exposed to 42 Gy using a Faxitron X-ray machine (Faxitron, Lincolnshire, Illinois). Protein extracts were prepared between 2 hours and 1 day after irradiation.
Paraffin embedding and H&E staining
The fish were dehydrated in ethanol, decalcified in 0.25 M EDTA, cleared in xylene and infiltrated with paraffin. Briefly, slides were deparaffinized in xylene, passed through a graded ethanol series, rinsed in water and briefly soaked in hematoxylin and then in eosin. Slides were dehydrated and mounted using EUKITT (GmbH).
Cartilage and bone staining for larvae and adults 5-day-old larvae were fixed overnight in 4% paraformaldehyde, rinsed in distilled water and stained overnight in Alcian Blue solution (1% HCl, 70% ethanol, 0.1% Alcian Blue). Larvae were then cleared by washing in 3% hydrogen peroxide, dehydrated through an ethanol series and equilibrated in 85% glycerol-PBS. Splanchnocranium and neurocranium were manually dissected from stained larvae and flat mounted in 85% glycerol-PBS.
Fixed juvenile/adult fish were eviscerated, skinned and dehydrated in 100% ethanol for 2 days. The carcasses were incubated in Alcian Blue solution for 12 hours and then in 100% ethanol overnight. Fish were then cleared in 1% KOH for 6 hours and stained in 0.05% Alizarin Red in 2% KOH for 3 hours. The fish were cleared in 2% KOH overnight and stored in 25% glycerol.
Morphometry
Measurements were taken using a dissecting microscope equipped with a micrometer lens.
Western blot analysis and Ras activation assay
Adult fish were killed by anesthetic overdose (0.04% MESAB, Sigma), which was ground to a fine powder in liquid nitrogen and resuspended in sample buffer (2% SDS, 10% glycerol, 60 mM Tris pH 6.8). Organs and larvae were lysed in sample buffer; 50 μg of total extracts were resolved by SDS-PAGE, transferred to nitrocellulose and tested with the following antibodies: Ras (1:500, BD Bioscience), GFP (1:2000, Torrey Pines Biolabs), phosphop44/42 (1:1000, Cell Signaling), p44/42 (1:1000, Cell Signaling), phospho-Akt (1:1000, Cell Signaling), Akt (1:1000, Cell Signaling), phospho-Atm (1:600, Rockland), Atm (1:1000, Sigma).
We performed the StressXpress Ras Activation kit (Stressgen, Bioreagents) on protein extracts from larvae and juvenile fish according to the manufacturer's instructions. Band intensities were quantified using ImageJ.
β-gal histochemistry Acidic β-gal staining was performed on formalin-fixed zebrafish cryosections, as described previously (Dimri et al., 1995) .
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Embryos and adults were incubated in fish water containing 10 mM of BrdU for 2 hours (embryos and larvae) or overnight (juveniles and adults). Embryos and larvae were fixed in 4% paraformaldehyde, adult and juveniles were embedded unfixed in OCT, and sections were fixed in 2% paraformaldehyde for 2 minutes. For BrdU-phospho H3 (PH3) immunostaining, sections and larvae were treated with 2 N HCl for 20 minutes, followed by two rinses in 0.1 M sodium tetraborate. For γH2AX and pAtm immunostaining, unfixed cryostat sections were fixed in a 50:50 methanol:acetone mix for 2 minutes and then rinsed in PBS. In addition to the antisera used in the western blots, mouse monoclonal anti-BrdU (Sigma) and rabbit polyclonal anti-PH3 (Upstate) antisera were used. We used secondary antibodies conjugated with Alexa 488 or 568 (Molecular Probes).
Chromosome preparation and visualization
At 24 hpf, tg(Hsp70:GFP-H-RASV12)io3 embryos were incubated for 30 minutes at 39°C. At 32 hpf, 100 transgenic embryos, 100 irradiated embryos (20 Gy) and 100 untreated embryos, were incubated in colchicine (4 mg/ml) overnight and dechorionated by pronase treatment. Chromosome preparations were dropped onto slides and allowed to dry overnight at 37°C. Samples were mounted in Vectashield (Vector Laboratories) with DAPI. The images of chromosome spreads were acquired and elaborated with the Band View software system (Applied Spectral Imaging).
Counts of BrdU+ and TUNEL+ cells
The numbers of BrdU-or TUNEL-positive cells in whole-mount larvae were counted with a confocal microscope (Leica SP2 TCS). Counts were performed in the whole tail region (from the beginning of the yolk extension) or in the forebrain, where the count refers to a 100 μm thick section from the area between the olfactory bulb and the diencephalon. Section counts refer to an area of 2.4 mm 2 , from a serial section with a thickness of 20 μm, from the whole forebrain or whole heart. At least 5 sections, including the areas of interest (see Results), from 6 different specimens were analyzed.
Gene, constructs and morpholinos
The tbx20 (hRT) plasmid (Szeto et al., 2002) and the cdkn1a/p21 plasmid were used to transcribe antisense probes. We injected 10 ng of tp53 mo4 (www.zfin.org) into Tg (hsp70I: GFP-H-RASV12)io3 embryos at the one-cell stage. Larvae were heat shocked at 24 hpf for 30 minutes and sorted by fluorescence 4 hours later.
TRANSLATIONAL IMPACT Clinical issue
Somatic gain-of-function mutations in the Ras genes are commonly found in the majority of human cancers; whereas, germline gain-of-function mutations in genes of the Ras-Raf-Mek and ERK pathways cause a class of developmental disorders including Noonan, Costello and cardio-facio-cutaneous (CFC) syndromes. It is still unclear how the same activating mutations of the Ras genes can induce both oncogenic transformation, as seen in somatic mutations in cancer patients, as well as developmental abnormalities, as a result of germline mutations, in Noonan, Costello and CFC patients. One possible explanation is that, during development, Ras activates target genes in a limited subtype of cells or tissues, thus curbing the oncogenic activity of mutant Ras and avoiding a lethal phenotype.
Results
In this paper, the zebrafish is used to model Costello syndrome and elucidate oncogenic H-RAS function during development. The authors generated transgenic zebrafish lines expressing oncogenic H-RAS through the germline. These fish show several developmental defects similar to those found in Costello patients. Similar to recent reports in mouse models, no overt activation of the Mek-ERK or PI3K-Akt pathway could be detected in Costellolike fish, suggesting that the molecular mechanism underlying Costello syndrome does not involve activation of these common Ras targets. Among several cellular responses commonly induced by oncogenic Ras, such as proliferation, invasiveness and apoptosis, the authors also observed cellular senescence in adult progenitor cells of the brain and heart -two of the most affected organs in Costello patients.
Implications and future directions
In this zebrafish model of Costello syndrome, some defects are caused by an oncogene-induced senescence program in adult proliferating cells. This finding encourages further investigation of cellular senescence in Costello patients, who show an age-dependent worsening phenotype that is compatible with premature exhaustion of adult progenitor cells. Additionally, understanding how a developing organism restricts oncogenic signal activation might lead to novel therapeutic strategies in cancer.
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